Electron beam lithography of Free-Standing Ni–Mn–Ga films  by Schmitt, Mario et al.
Available online at www.sciencedirect.com
 
 Physics Procedia 00 (2010) 000–000 
www.elsevier.com/locate/procedia
3rd International Symposium on Shape Memory Materials for Smart Systems  
Electron Beam Lithography of Free-Standing Ni-Mn-Ga Films  
Mario Schmitta*, M. Ohtsukab, and M. Kohla 
aKarlsruhe Institute of Technology (KIT), IMT, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany 
bTohoku University, IMRAM, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan 
 
Abstract 
We present a process to fabricate freely movable shape memory alloy (SMA) structures by electron-beam lithography (EBL) and 
sacrificial layer technology starting from free-standing SMA films. Functional films such as SMA and ferromagnetic SMA films 
may not be structured on the same substrate used for deposition due to process incompatibilities. In addition, EBL and sacrificial 
layer technologies entail various constraints and requirements on substrate material and properties. These issues can be solved by 
introducing a substrate inversion technology that includes deposition of sacrificial structures followed by electroplating of a new 
metal substrate onto the functional film and release of the initial substrate. This process is demonstrated for a SMA film of Ni-
Mn-Ga that has been sputter-deposited on a polymer substrate allowing the fabrication of large arrays of mechanically active 
SMA nanostructures.  
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1. Introduction 
Shape memory alloys (SMAs) are particularly suitable for miniaturization as the basic mechanisms occur on an 
atomic scale and recent experiments demonstrate that shape memory effects can be observed down to nanometer 
dimensions [1,2]. In addition, SMA actuators may generate work densities up to 107 J/m3 that favorably scale down 
upon miniaturization, thus, outperforming alternative actuation principles [3]. Previous developments concentrated 
on microsystems technologies that enabled the fabrication of novel smart microdevices such as SMA microvalves 
[4], displacement-sensitive SMA microgrippers [5] and optical SMA microscanners [6]. Further miniaturization is 
of large interest for basic research on nanoscale phenomena as well as for applied research on SMA nanostructures 
that may be used eventually in novel mechanically active nanosystems. The development of technologies for SMA 
actuators and sensors with nanometer dimensions is at the very beginning [7,8]. Significant improvements are 
required in ultra-high resolution patterning, in sacrificial layer technologies enabling free-standing functional 
structures as well as in micro-nano integration technologies.In this paper, we follow the approach of electron beam 
lithography (EBL) and ion beam etching (IBE) to pattern Ni-Mn-Ga thin films. These materials belong to the class 
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of ferromagnetic SMAs that can be tuned to exhibit a mixed phase transition from paramagnetic austenite to 
ferromagnetic martensite allowing magnetic as well as shape memory actuation [6]. The following paragraph 
summarizes the fabrication and phase transformation properties of the Ni-Mn-Ga thin films. Then, layout and 
process requirements for fabrication of freely movable film structures will be discussed. A sequence of process steps 
will be presented together with an analysis of their effect on structural details. 
2. Thin Film Fabrication 
Ni-Mn-Ga films of 0.5 and 1 μm thickness are fabricated by RF magnetron sputtering. Details of the sputtering 
process have been reported elsewhere [9]. The target has a nominal composition of Ni52Mn24Ga24 produced by hot 
pressing. The substrate is made of polyvinyl alcohol (PVA). Sputtering is performed at a power of 200 W and an Ar 
flow of 230 mm³s-1. The substrate temperature is kept at 323 K. For the subsequent heat treatment at 1073 K for 36 
ks, the films are released from the soluble substrate. To prevent formation of oxide layers, heat treatment is done 
under vacuum at 2 × 104 Pa.  
Previous studies demonstrate that heat treatment of sputtered thin films on the sputtering substrate in a monolithic 
integration approach may cause delamination due to stress accumulation as well as unwanted interdiffusion that may 
affect the phase transformation behaviour [10]. We therefore follow a hybrid integration approach. After sputtering, 
free-standing Ni-Mn-Ga films are obtained by dissolving the auxiliary PVA substrate, allowing for a stress-free and 
diffusion-less heat treatment. Recent technology developments have shown that the heat-treated films can be 
integrated again on a wafer by transfer bonding [11] to enable subsequent processing like optical lithography. 
Transfer bonding relies on a polymer bonding layer between substrate and thin film that enables sufficient bonding 
strength, process compatibility and selective removal. Thus, optical lithography and etching can be performed on 
another, more suitable substrate, e.g. a silicon wafer, with high reliability. In the present investigation, however, 
optical lithography will not provide for the resolution required for structuring of critical dimensions in the order of 1  
μm and below. Therefore, the hybrid integration process established for optical lithography of SMA films will have 
to be examined with respect to its compatibility to electron beam lithography, see Sect 3. 
The chemical compositions of heat-treated polycrystalline films have been determined by the inductive coupled 
plasma method to be Ni51.4Mn28.3Ga20.3. The phase transformation temperatures have been investigated by 
differential scanning calorimetry (DSC) and electrical resistance measurements [7]. Fig. 1 shows a typical DSC 
characteristic. The peak temperature for the martensite-austenite transformation is 346 K and for the reverse 
transformation 338 K. The Curie temperature TC of the films has been determined previously by magnetization 
measurements to be 362 K [12]. These results show that the investigated specimens exhibit ferromagnetic 
martensites at room temperature.  
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Fig. 1: DSC characteristic of a polycrystalline Ni-Mn-Ga thin film of 1 μm thickness produced by magnetron sputtering on a PVA substrate and 
subsequent heat treatment in free-standing condition at 1073 K for 36 ks. The peak temperatures for the martensite-austenite and reverse 
transformation, Ap and Mp, are indicated, respectively. 
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3. Fabrication Concept and Layout 
First tests for the use electron beam lithography aimed at processing the SMA films after transfer bonding them 
onto a silicon wafer covered by a polymer bonding layer of polymethylmethacrylate (PMMA) following the well-
established hybrid integration process for optical lithography described in Sect. 2. These tests failed, however, due 
to several reasons. First of all, the 100 kV electrons used for exposure of the primary resist layer penetrate the 
polymer bonding layer through the SMA film. This causes bubble formation and poor adhesion of the film. The 
resulting wavy surface hinders precise pattering. These effects become worse for increasing electron dose. 
Therefore, another process has to be developed that does not rely on a sacrificial polymer layer. 
In the following, we therefore investigate the feasibility to fabricate sacrificial metal structures below the SMA 
film. Unstructured homogeneous metal layers could be easily deposited before sputtering of the SMA film. This 
approach bears the inherent problems of stress built-up and interdiffusion during subsequent heat treatment as 
discussed above. In addition, sacrificial layer technology requires controlled underetching of movable structures, 
which, in this case, may only be possible for designs having sufficiently large support areas that withstand the 
etching process. 
Due to these constraints, we invert the sequence of sacrificial layer and substrate as illustrated in Fig. 2. First, the 
SMA film is integrated on an auxiliary wafer by the well-established hybrid integration process using a polymer 
layer. Then, the sacrificial metal layer is deposited and subsequently micromachined, e.g. by optical lithography 
(Fig. 2a). This configuration, obviously, is not useful for EBL from the top-side. However, EBL can be performed 
from the bottom side. Therefore, sacrificial metal structures and a new metal substrate are deposited on top of the 
SMA film followed by release of the auxiliary substrate (Fig. 2b). Now, resist is applied to the Ni-Mn-Ga film and 
EBL can be done (Fig. 2c).  This idea of substrate inversion provides the guidelines for the following technology 
study.  
 
 
Fig. 2: Concept of substrate inversion. EBL requires sacrificial metal structures below the SMA film. Such structures can be realized by 
deposition and micromachining of the sacrificial metal layer (a) and subsequent deposition of a new metal substrate, while the auxiliary 
substrate is removed (b). Finally, EBL is performed at the bottom side of the Ni-Mn-Ga film (c).   
  
A simple layout has been generated to investigate the feasibility of the substrate inversion process as sketched in 
Fig. 3. The layout consists of SMA lines that run perpendicular to sacrificial metal lines below the SMA lines. The 
length of the SMA lines is 70 μm, while the nominal width is set to 1 μm and 2 μm. The thickness is determined by 
the initial thickness of the Ni-Mn-Ga film of 1 μm. The length, width and thickness of the sacrificial metal lines are 
20 mm, 10 μm, and 2 μm, respectively. After removal of the sacrificial metal lines, SMA bridge structures will 
remain that are fixed at supporting line structures on the substrate and are freely suspended in between. The SMA 
bridge structures are designed for basic mechanical tests like bending of the bridge center. The bridge length will be 
10 μm in this case that can be fabricated by optical lithography of the sacrificial metal layer. For adjustment of the 
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patterns of sacrificial metal and SMA film with respect to each other additional alignment markers are provided in 
the layout.  
 
 
Fig. 3: Layout for investigating the feasibility of the substrate inversion process. The length, width and thickness of the Ni-Mn-Ga beams are 70, 
1(2) and 1 μm, respectively.  
4. Process Requirements  
A number of requirements have to be fulfilled for development of a suitable process flow to fabricate the layout 
shown in Fig. 3. Major issues and solutions are summarized in Table 1.  
(1) First of all, a silicon substrate is used as the initial substrate. This guarantees for a flat and smooth surface 
needed for ultra-high precision nanopatterning. The SMA layer under investigation is a Ni-Mn-Ga film of 1 μm 
thickness, see Sect 2. 
(2) In subsequent process steps buried polymer layers must be avoided. This implies that the sacrificial layer will 
be made of metal. In the present investigation, particularly Ti, Cu and Cr layers are studied with respect to process 
compatibility and resulting dimensional accuracy. Ti and Cr layers of 200 nm thickness are evaporated with an 
electron beam evaporation tool. Cu layers are electroplated allowing for a much larger thickness in the micrometer 
range. Obviously, thin sacrificial layers only allow for bending away from the substrate, whereas bi-directional 
bending will be possible for the thick sacrificial layer. The Ti and Cr are removed either by dry or wet-chemical 
etching. The sacrificial Cu structures are removed by wet-chemical etching. Due to the stiction effect, freeze drying 
is necessary after wet etching. This is done by exchanging the etchant successively with de-ionized water, isopropyl 
alcohol and finally cyclohexane, which has a favorable melting point of 6.5 °C.  
(3) The mask for patterning the metal layer is micromachined by optical lithography to control its dimensions to 
realize freely movable SMA structures that would not be possible by using an unstructured sacrificial layer. In the 
present investigation, sacrificial line structures are considered. The sacrificial layer itself can be patterned in 
different ways. One option is metal deposition on the whole wafer and subsequent etching with an etching mask 
made of photoresist. An alternative is the so called lift-off process. In this case, the photoresist is deposited and 
patterned before deposition of the metal layer. Afterwards the photoresist and the metal on top are removed with an 
adequate solvent. The mask for electroplating is a patterned photoresist that is removed after electroplating. It has to 
be assured, that the solvent used for the resist removal does not attack the buried polymer layer to avoid total failure 
of the process. 
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(4) The technology approach to produce SMA film structures described here relies on EBL followed by dry 
etching of the SMA layer, e.g., reactive ion etching or ion beam etching.  
(5) Compatibility to EBL is enabled by introducing the novel concept of substrate inversion, see Sect 3. In this 
investigation, a Ni substrate will be electroplated on the SMA and line structures of sacrificial metal. Since nickel 
has a significantly higher atomic number than silicon, a different proximity effect is expected as the amount of 
backscattered electrons will be higher during exposure. To compensate for this effect, the electron dose has to be 
adapted. In dose variation tests for a 200 nm thick resist of PMMA, no overexposure is observed for a dose of 650 
μC/cm² (in the fine layer). Deposition of a Ni substrate in the range of several hundred micron thickness causes 
stress accumulation that may result in significant substrate bending or even total destruction. This problem may be 
reduced by reducing the area of electroplated nickel. For this purpose, nickel is electroplated only within a PMMA 
frame of 10*10 or 20*20 mm². After nickel deposition, the surface roughness is reduced by mechanical polishing. 
(6) Selective etching of the sacrificial metal structures results in freely movable SMA bridge structures.  
 
Table 1: Requirements on the process flow for fabrication of freely movable SMA film structures by EBL and IBE. 
 Requirement Solution 
1 Flat and smooth surface Silicon wafer as initial substrate 
2 No bubbling of sacrificial layer Sacrificial metal layer 
3 Well defined sacrifical structures Micromachining of sacrificial layer 
4 SMA film structures Electron beam lithography and dry etching 
5 Compatibility to electron beam lithography Substrate inversion 
6 Freely movable SMA film structures Selective removal of sacrificial layer 
5. Process Flow 
In the following, the process flow for fabrication of freely movable SMA film structures is presented step by step. 
Starting material-substrate composite is a Ni-Mn-Ga thin film embedded in a 2 μm thick PMMA layer on a 4” 
silicon wafer, see Fig. 4. Fabrication of the composite includes spin coating of a PMMA layer and positioning of the 
Ni-Mn-Ga film and a supplementary silicon wafer above the PMMA layer. By heating the resulting stack above the 
glass temperature of PMMA under vacuum the Ni-Mn-Ga film is pressed into the PMMA. Thereby, the flatness and 
smoothness of the silicon wafers are preserved. 
 
 
Figure 4: Starting material-substrate composite consisting of a Ni-Mn-Ga thin film embedded in a PMMA layer on a 4” silicon wafer; (a) 
schematic in side view, (b) photo in top view.  
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Sacrificial layer technology: In the following, the process flow will be described for a sacrificial Ti layer. Fig. 5 
shows a close-up view of the test structures after deposition and patterning the Ti sacrificial layer. The lines are 
produced by optical lithography and lift-off process using a 2 μm thick layer of positive photoresist. After 
evaporation of 200 nm Ti, the remaining resist and Ti are removed with solvent. In Fig. 5, vertical line structures of 
Ti are clearly visible covering both the Ni-Mn-Ga thin film (left) and the silicon substrate (right). 
 
Figure 5: Ti sacrificial line structures produced on the Ni-Mn-Ga thin film by photolithography and lift-off; (a) schematic in side view, (b) photo 
in top view.  
Substrate inversion: In the next step, the Ni substrate is deposited on top of the Ni-Mn-Ga and Ti structures. The 
area to be electroplated is determined by a PMMA frame that is glued onto the sample. Electroplating is performed 
in a nickel-sulfamate electrolyte bath. The layer thickness is adjusted to be 550 μm thick to provide for mechanical 
stability. Due to the non-uniform growth of the layer, subsequent polishing is required to planarize the surface to a 
final thickness of 500 μm. During this step, the structured parts are still protected by the silicon wafer. Fig. 6 shows 
a top view of the Ni substrate with the surrounding PMMA frame after electroplating. The asperities which are 
typically for the electroplating process are clearly visible and demand for planarization. 
Subsequently, the silicon substrate is released by etching the Si wafer with potassium hydroxide solution (KOH) 
at 80 °C. Finally residues from the polymer bonding layer are removed with acetone. Fig. 7 shows a photo of the 
former interface between polymer bonding layer and Ni-Mn-Ga film and sacrificial layer, respectively, which is 
now the top view of the electroplated nickel layer. The vertical lines are now visible in the right area. The sacrificial 
Ti lines are partly covered by the Ni-Mn-Ga thin film in the left area. The lines and spaces of 10 μm are now 
consisting of the sacrificial Ti layer and the Ni substrate. 
EBL: The sample is spin coated with PMMA resist of 2.5 μm thickness for electron beam exposure. The electron 
dose is 650 μC/cm². Development is carried out with isopropyl alcohol and isobutyl methyl ketone with ratio 1:1 for 
90 s. The minimum line width studied after development is 1 μm corresponding to an aspect ratio of 2.5. For further 
miniaturization, it will be important to optimize the trade off between smallest feature size and minimum required 
resist thickness being essential for etch resistance. Fig. 8 shows a SEM micrograph of the patterned PMMA resist. 
The width of the line structures is 1 μm, while the thickness corresponds to the resist thickness of 2.5 μm. 
IBE:  The next step is the transfer of the primary resist pattern into the Ni-Mn-Ga film. This can be done either by 
simple ion etching in a parallel plate reactor or with an ion beam etching tool. Fig. 9 shows the result of an Ar IBE 
process. Ion energy was set to 200 eV while the beam density was measured to be 0.75 mA/cm². The minimum 
width of the Ni-Mn-Ga lines is about 1 μm. Wavy sidewalls and broadening at the bottom of the structures occur 
due to the poor etch resistance of PMMA resist and redeposition. Due to the ion energy of 200 eV, no ion 
implantation is expected. 
Removal of the sacrificial layer:  The sacrificial Ti layer is removed by a fluorine-based RIE-ICP process. Due to 
the small thickness of the sacrificial layer of 200 nm, the etch time is rather long compared to an open area etch of 
Ti. However, this is no problem, because the etch process is tuned to be mainly chemical and not physical. So 
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neither the Ni substrate nor the Ni-Mn-Ga structures are attacked by the fluorine based etch chemistry. Underetching 
is improved by increasing the thickness of the sacrificial layer and reducing the width of the Ni-Mn-Ga lines. 
 
Figure 6: Inverse substrate of electroplated nickel after deposition on Ni-Mn-Ga film and sacrificial Ti structures; (a) schematic in side view, (b) 
photo in top view.  
 
Figure 7: Inverse substrate of electroplated nickel on Ni-Mn-Ga film and sacrificial Ti structures; (a) schematic in side view, (b) photo in top 
view.  
 
Figure 8: PMMA resist pattern after EBL; (a) schematic in side view, (b) SEM micrograph in top view.  
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Figure 9: Ni-Mn-Ga line structure after Ar IBE process. The photoresist on the Ni-Mn-Ga bridge has not yet been removed. 
6. Conclusions 
A new process flow is demonstrated to fabricate freely movable shape memory alloy (SMA) film structures by 
electron-beam lithography (EBL) and sacrificial layer technology. The investigated SMA material is a sputter-
deposited Ni-Mn-Ga film of 1 μm thickness that has been released from the substrate for heat-treatment in free-
standing condition. The main idea of the new process is to invert the starting SMA film-polymer-substrate 
composite by creating sacrificial structures and substrate on top of the SMA film by electroplating and 
photolithography and subsequently releasing the initial substrate. Thus, defined sacrificial patterns can be fabricated 
below the SMA film and high precision EBL can be performed without facing the problems of bubble formation and 
poor adhesion. By the proposed process, first test structures of Ni-Mn-Ga lines and bridges have been fabricated 
with critical dimension of 1 μm. Further downscaling of the structures will be possible by using thinner SMA films 
and resist layers. Further optimization of the dry etching process will be required to avoid redeposition and minimize 
sidewall roughness.  
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